The crystal structure of a new phase with an approximate composition of Mg 91 Ce 7 Zn 2 , which is formed as a main phase in an Mg 91 Ce 6 Zn 3 alloy, has been determined by atomic-scale observations of high-resolution transmission electron microscopy (HRTEM) and high-angle annular detector dark-field scanning transmission electron microscopy (HAADF-STEM). The structure of this phase can be described as a onedimensional incommensurate structure with an orthorhombic unit cell of a ¼ 1:03 nm, b ¼ 1:03 nm and c ; 3:7 nm, formed by insertion of antiphase boundaries in the fundamental Mg 12 Ce (Mn 12 Th-type) structure with a tetragonal unit cell of a 0 ¼ 1:03 nm and c 0 ¼ 0:60 nm. The antiphase boundaries are parallel to the (001) plane of the fundamental tetragonal structure, and an average interval of the boundaries along the [001] direction is about 3:1c 0 . Also, a commensurate structure with an interval of 5:5c 0 is observed as a coexisting phase with the incommensurate structure.
Introduction
Mg alloys are very attractive for applications in automotive and aerospace industries, because magnesium is the lightest of all metals used as the basis for structural alloys. However, their relatively low yield-strength and low creepresistance have limited their practical applications. Recently, Mg-Zn-Re (Re = rare earth metals) alloys have been paid much attention, since excellent mechanical properties with high strength above 600 Mpa and elongation of 5% have been achieved in an Mg 97 Zn 1 Y 2 alloy prepared by rapidly solidified powder metallurgy. 1, 2) The Mg 97 Zn 1 Y 2 alloy consists of an Mg-matrix with fine grains from 100 to 200 nm and a secondary phase with a long period stacking structure. 3, 4) In the course of the investigation of microstructures of Mg-Zn-Re alloys, a new phase with an approximate composition of Mg 91 Ce 7 Zn 2 , which has not been proposed in the Mg-Zn-Ce ternary phase diagram, 5) has been found as a main phase in an ordinary solidified Mg 91 Ce 6 Zn 3 alloy. The purpose of the present work is to determine the crystal structure of this phase by high-resolution transmission electron microscopy (HRTEM) and high-angle annular detector dark-field scanning transmission electron microscopy (HAADF-STEM).
Experimental Procedure
An alloy ingot with a nominal composition of Mg 91 Ce 6 Zn 3 alloy was prepared by melting high-purity Mg, Zn and Ce (99.9%) metals in an induction furnace using a graphite tube in an Ar atmosphere. Scanning electron microscopy (SEM) observation and electron prove micro-analysis (EPMA) of the alloy were performed using a JEOL JXA-8621MX. Thin samples for transmission electron microscopy were prepared by dispersing crushed materials of the alloy ingot on holey carbon films. HRTEM images were taken by a 400 kV electron microscope (JEM-4000EX) with a resolution of 0.17 nm, and HAADF-STEM images were taken by a 300 kV electron microscope (JEM-3000F) equipped with a field emission gun in the scanning transmission electron microscope mode. In HAADF-STEM observations, a beam prove with a half width of about 0.2 nm was scanned on the sample. Figure 1 shows a compositional SEM image of the Mg 91 Ce 6 Zn 3 alloy, taken with back-scattered electrons, in which small grains with dark contrast are observed at boundaries of large grains of a main phase with gray contrast. The dark regions are Mg-matrix crystals with a composition of more than 99.5 at%Mg, and a composition of the gray regions were estimated as Mg 91 Ce 7 Zn 2 by EPMA. The other few crystals observed as small bright regions were divided into two different phases with Ce 97 Mg 2 Zn 1 and Mg 78:5 Ce 19 Zn 2:5 . In this paper, the structure of the main phase, named as -(Mg,Ce,Zn), with an approximate composition of Mg 91 Ce 7 Zn 2 has been mentioned.
Experimental Result
Electron diffraction patterns of the -(Mg,Ce,Zn) phase are shown in Fig. 2 . In these patterns, one can see weak spots on lines parallel to the [00l]
Ã axis, and split spots indicated with arrowheads. Also, different intervals and different directions of the split spots are observed, as can be seen in Figs. 2(a) and (d) taken from different areas. The split spots show a one-dimensional incommensurate structure along the z-axis, but reflections in Fig. 2 are indexed as a commensurate structure producing no split spots. Ce and Zn. Therefore, the arrangement of the Ce and Zn atoms can be directly derived from the HAADF-STEM images. In Fig. 4(a) , pairs of bright dots, indicated by arrowheads, are observed as a dumbbell shape at anti-phase boundaries, and one can see that a periodic arrangement of the interval S forms a face-centered arrangement of dumbbell-shaped bright dots and the interval L correspond to a simple rectangle arrangement of dumbbell-shaped bright dots.
From the observed HRTEM and HAADF-STEM images 6) indicated by dotted lines in Fig. 5(a) . The anti-phase boundaries in the structure model have an interval of M ¼ 3c 0 along the z-axis and the displacement vector of a 0 =2 along the x-axis. In this model, Zn atoms are orderly arranged at positions across the anti-phase boundaries. Diffraction patterns kinematically calculated from the structure model are shown in Fig. 6 , which reproduce well intensity distributions of the observed diffraction patterns of Fig. 2, except for split spots. It should be noticed here that the ordered arrangement of Zn atom produces superlattice reflections in Fig. 6(c) .
The arrangement of Zn and Ce atoms in the structure model shows a good correspondence to contrast distributions of the observed HAADF-STEM images of Fig. 4 . From  Figs. 7(a) and (b) showing the arrangements of only Ce and Zn atoms projected along [010] and [110] directions, one can see that the dumbbell-shaped bright dots in Fig. 4 (a) correspond to two atoms of Zn with an interval of c 0 =2 in Fig. 5(a) , and the step-like contrast distribution of Fig. 4(b) to the step of Zn and Ce atom lines in Fig. 7(b) . Also, the weak contrast modulation along the lines indicated by arrowheads in Fig. 3(b) can be understood by the ordered arrangement of Zn atoms at positions across the anti-phase boundaries. The incommensurate structure with M ; 3:1c 0 , which is estimated from the observed diffraction patterns of Fig. 2 , can be easily understood by the appearance of the structure of Fig. 8 , which has anti-phase boundaries with an interval of M ¼ 3:5c 0 , in the structure of M ¼ 3c 0 (Fig. 5) . A locally different rate of the appearance of structure with M ¼ 3:5c 0 in the structure of M ¼ 3c 0 can be understood to result in different distances of split spots in the diffraction patterns of Fig. 2 .
A commensurate structure based on the Mg 12 Ce structure has been occasionally observed. An electron diffraction pattern and HRTEM image of the commensurate structure taken with the incident beam parallel to [010] direction are shown in Figs. 9(a) and (b) , respectively. In the diffraction pattern of Fig. 9(a), a strong reflection on the [00l] Ã axis can be indexed as 0 0 22, and an interval of anti-phase boundaries in the HRTEM image of Fig. 9(b) is M ¼ 5:5c 0 . The commensurate structure derived from the electron diffraction pattern and HRTEM image has an orthorhombic unit cell of a ¼ 1:03 nm, b ¼ 1:03 nm and c ¼ 6:60 nm, as shown in Fig. 10 . The commensurate phase has been often observed adjacently to crystals of the previous incommensurate phase with an interface of the (001) plane. Therefore, we can conclude that the commensurate structure is stable rather than other structures with different intervals between 3:1c 0 and 5:5c 0 .
The incommensurate structure showing the diffraction patterns of Fig. 2 has been observed as a phase precipitated at grain boundaries in an Mg 98:5 Ce 0:5 Y 0:5 Zn 0:5 alloy ingot. Therefore, it can be considered that the -(Mg,Ce,Zn) phase found in this work will be found as a precipitated phase in some Mg-Re-Zn alloy systems.
The structure of 
Conclusion
We have determined the crystal structures of a new phase 
